The recently described polyploid Saxifraga svalbardensis is endemic to the arctic archipelago of Svalbard. We investigated relationships among four closely related species of Saxifraga in Svalbard and tested three previously proposed hypotheses for the origin of S. svalbardensis: (1) differentiation from the morphologically and chromosomally variable polyploid S. cernua; (2) hybridization between the diploid S. hyperborea and S. cernua; and (3) hybridization between the tetraploid S. rivularis and S. cernua. Fifteen populations were analyzed using random amplified polymorphic DNAs (RAPDs) and nucleotide sequences of the chloroplast gene matK and the internal transcribed spacers (ITS) of nuclear ribosomal DNA (rDNA). RAPD and matK data suggest that S. svalbardensis has originated from a hybrid with S. rivularis as the maternal parent and S. cernua as the paternal parent, possibly a single time, whereas ITS data could not be used to discriminate among the hypotheses. The data also suggest that the diploid S. hyperborea is a progenitor of the tetraploid S. rivularis. The four populations examined of S. svalbardensis were virtually identical for RAPD and ITS markers, whereas S. cernua showed high levels of variation, suggesting that the latter polyploid either has formed recurrently or has undergone considerable differentiation since its origin.
Molecular approaches are well established as powerful tools for analysis of polyploids. In recent years, significant new insights into the dynamics of polyploid evolution in plants have been achieved using enzyme electrophoresis and restriction site analysis of chloroplast DNA (cpDNA) and nuclear ribosomal RNA genes (rDNA; e.g., Werth, Guttman, and Eshbaugh, 1985; Wyatt, Odrzykoski, and Stoneburner, 1988; Ranker et al., 1989; Soltis and Soltis, 1989; Doyle, Brown, and Grace, 1990; Ashton and Abbott, 1992; Brochmann, 1992; Brochmann and Elven, 1992; Brochmann, D. E. Soltis, and P. S. Soltis, 1992; Brochmann, P. S. Soltis, and D. E. Soltis, 1992a) . In contrast, comparative gene sequencing (e.g., of the ITS [internal transcribed spacer] regions of nuclear rDNA) and RAPD analysis (random amplified polymorphic DNA) have rarely been applied to address questions of polyploid evolution (but see, e.g., Huff and Bara, 1993; van Houten, Scarlett, and Bachmann, 1993; Yu and Pauls, 1993; Kim and Jansen, 1994; Wendel, Schnabel, and Seelanan, 1995; Brochmann, Nilsson, and Gabrielsen, 1996) . 1 Manuscript received 7 July 1996; revision accepted 9 June 1997. The authors thank Arnodd Håpnes for field assistance; Robert Kuzoff and Leigh A. Johnson for technical advice; Pam Brunsfeld for laboratory assistance; and the staff at the phytotron, University of Oslo, for maintaining the plants. This study is part of the project ''Molecular genetic variation in arctic vascular plants with different ploidal levels and ecological strategies'' supported by the Terrestrial Ecological Research Program in Svalbard, the Norwegian Research Council. We also acknowledge support from DEB-9307000, the National Science Foundation, USA. 5 Author for correspondence.
The use of ITS sequences for identification of the progenitors of polyploids is potentially problematic. Kim and Jansen (1994) examined ITS sequences of two tetraploids in Krigia but observed no additivity of putative parental genomes, and concluded that the polyploids were autoploids. Other workers have found additivity of parental genomes in the ITS sequences of polyploids (e.g., van Houten, Scarlett, and Bachmann, 1993; Baldwin et al., 1995) . However, Wendel, Schnabel, and Seelanan (1995) found that ITS sequences in allotetraploid Gossypium have been homogenized via interlocus concerted evolution in the direction of one or the other progenitor species. Notably, an experimentally synthesized allotetraploid of Gossypium exhibited the ITS sequences of both of its parents (Wendel, Schnabel, and Seelanan, 1995) . These problems are avoided, however, with the mainly biparentally inherited RAPD markers, which have been used, for example, in studies of the tetraploid Medicago sativa (Yu and Pauls, 1993) and the variable polyploid Poa pratensis (Huff and Bara, 1993) . In a recent analysis of the Scandinavian endemic tetraploid Saxifraga osloensis and its diploid progenitors S. adscendens and S. tridactylites, we have shown that the ITS sequence of this tetraploid has been homogenized in the direction of S. adscendens, whereas RAPD markers revealed almost complete additivity in S. osloensis relative to its diploid progenitors (Brochmann, Nilsson, and Gabrielsen, 1996) .
Herein we use a multifaceted molecular approach involving comparative sequencing of chloroplast (matK) and nuclear (ITS) DNA as well as analysis of RAPD markers to address the origin of the polyploid Saxifraga [Vol. 85 AMERICAN JOURNAL OF BOTANY svalbardensis D. O. Øvstedal. This recently described polyploid is one of the few species that are endemic to the arctic archipelago of Svalbard (Øvstedal, 1975) . It is morphologically most similar to the circumpolar S. cernua L. Both of these species are common in Svalbard and largely asexual, reproducing by bulbils; S. svalbardensis also has subterranean runners. There has been controversy regarding the recognition of S. svalbardensis as a distinct species. It has been suggested that it only represents one of numerous races within the morphologically variable S. cernua (e.g., Rønning, 1979) . Species rank for S. svalbardensis seems to be accepted by most recent authors (e.g., Elvebakk, 1979; Elven and Elvebakk, 1996) , and it can easily be distinguished from Svalbard populations of S. cernua based on several morphological and ecological characteristics.
Saxifraga svalbardensis and S. cernua belong to Mesogyne, a section of eight species, which also is represented by two other species in Svalbard: the tetraploid S. rivularis L. and the diploid S. hyperborea R. Brown (Webb and Gornall, 1989; Elven and Elvebakk, 1996) . Saxifraga hyperborea can be distinguished from S. rivularis by its lack of runners and its anthocyanic stems, leaves, and petals. Saxifraga cernua and S. svalbardensis are distinguished from the two morphologically similar species S. hyperborea and S. rivularis by their leafy, usually one-flowered stems with bulbils in the axils of the stem leaves. Saxifraga svalbardensis is confined to deep, wet moss vegetation and often occurs along small brooks. In contrast, S. cernua has a wide ecological amplitude and occurs in habitats such as unstable river banks, wet cliffs, moraines, snow beds, wet and dry moss vegetation, and Dryas heaths. Saxifraga hyperborea and S. rivularis have fairly narrow, overlapping ecological amplitudes and typically grow in river banks and late snowbeds, often intermingled at the same site.
Chromosome numbers have been determined for all of these species based on Nordic material. Saxifraga hyperborea is diploid with 2n ϭ 26 (seven counts from Svalbard: Flovik, 1940 (as S. rivularis, refers to S. hyperborea according to Engelskjøn, 1979) ; Engelskjøn, 1979; Borgen and Elven, 1983) , whereas S. rivularis is tetraploid with 2n ϭ 52 (given as 52, 50-52, or 51-53; nine counts from mainland Norway and six counts from Svalbard: Engelskjøn and Knaben, 1971; Engelskjøn, 1979; Borgen and Elven, 1983) . These chromosome numbers are consistent with those reported from other arctic areas for these species (Löve and Löve, 1975) . The putative hybrid S. hyperborea ϫ rivularis has also been reported from Svalbard (2n ϭ 3x ϭ 39; Borgen and Elven, 1983) .
A range of chromosome numbers has been reported within S. cernua (2n ϭ 24, ϳ33, 36, 44, 44-46, 48, 50, 52, ϳ54, 55-57, 56, 60, 62, 64, ϳ66, ϳ68, 70, 72; Löve and Löve, 1975; Webb and Gornall, 1989) . These numbers probably represent diploid to hexaploid levels (including aneuploidy) based on x ϭ 12, but it is also possible that some numbers represent a combination of x ϭ 12 and x ϭ 13. The chromosome number of S. cernua has not yet been determined in Svalbard, but 2n ഠ 33, 44-46, and 55-57 have been recorded from mainland Norway (Skovsted, 1934; Engelskjøn, 1979) . Saxifraga svalbardensis is approximately pentaploid with 2n ഠ 64 (Borgen and Elven, 1983) .
The four species show considerable variation in reproductive strategies (C. Brochmann, unpublished data). In Svalbard, both the diploid S. hyperborea and the tetraploid S. rivularis are fully sexual and mainly autogamous; the only means of asexual reproduction is by short runners in S. rivularis. In contrast, the chromosomally variable S. cernua varies from fully sexual (pollen stainabilities Ͼ90% and considerable seed set) to almost sterile; it largely reproduces by bulbils. Saxifraga svalbardensis was believed to reproduce entirely via bulbils and runners, but it has recently been shown that this species has partly stainable pollen and sets some viable seeds after hand-selfing (C. Brochmann, unpublished data).
Three hypotheses have been advanced to explain the origin of S. svalbardensis (Øvstedal, 1975; see also Borgen and Elven, 1983, and Elvebakk, 1996) : (1) the cernua hypothesis-differentiation within S. cernua; (2) the hyperborea hybrid hypothesis-hybridization between S. cernua and S. hyperborea; and (3) the rivularis hybrid hypothesis-hybridization between S. cernua and S. rivularis. Because of the close morphological similarity between S. svalbardensis and S. cernua, the role of S. cernua in the origin of S. svalbardensis has never been questioned. It is, however, difficult to discriminate among the abovementioned hypotheses based solely on morphological (Øvstedal, 1975) and chromosomal data (Borgen and Elven, 1983) , although it has been claimed that morphological data support the hyperborea hybrid hypothesis (Elvebakk, 1979; Elven and Elvebakk, 1996) . Also, anthocyanin patterns were first reported to support the hyperborea hybrid hypothesis (Andersen and Øvstedal, 1983) , but a subsequent, more detailed analysis of anthocyanins showed that these data could not be used to discriminate among the three hypotheses (Andersen and Øvstedal, 1988) .
To address the origin of S. svalbardensis we sequenced the ITS regions of nuclear rDNA (cf. Baldwin, 1992 Baldwin, , 1993 and the chloroplast gene matK (cf. Johnson and Soltis, 1994, 1995; Steele and Vilgalys, 1994) . We also analyzed RAPD variation among populations of these species. Using these three independent molecular data sets, we: (1) test the three hypotheses for the origin of S. svalbardensis, (2) attempt to determine whether S. svalbardensis has originated one or several times, and (3) evaluate relationships among all four species (in particular, we hoped to determine whether the diploid S. hyperborea might be a progenitor of the morphologically and ecologically similar tetraploid S. rivularis).
MATERIALS AND METHODS
Plant materials and DNA isolation-Living plants from four populations of S. svalbardensis, seven populations of the morphologically variable S. cernua (including two populations of an unusual, smallflowered type), and several populations each of S. hyperborea and S. rivularis were collected in Nordenskiöld Land, Dickson Land, and Haakon VII Land in Spitsbergen, Svalbard and cultivated in a phytotron at the University of Oslo (Table 1, Fig. 1 ). Only two populations of each of the two latter species survived in cultivation. Chromosome counts were not carried out in this study because either no variation has been reported within species, or so much variation has been reported that another sample of chromosome numbers probably would be uninformative for our purpose (S. cernua; cf. above). Fresh leaves from cultivated plants were dried in silica gel for subsequent analysis at Washington State University (sequencing) and University of Idaho (RAPDs). Vouchers of field-collected and cultivated plants are deposited at the Botanical Museum, University of Oslo (O). Total DNAs were isolated from 0.02 to 0.06 g of dried leaf tissue following the CTAB method of Doyle and Doyle (1987) as modified by Soltis et al. (1991) . DNA was isolated from one plant from most populations; leaves from several plants were pooled for a few populations (S. cernua pop. 67, S. rivularis pop. 26, and S. hyperborea pop. 24) to obtain sufficient amounts of DNA. DNAs were purified using S & S Elu-quik DNA purification kit (Schleicher & Schuell, Keene, New Hampshire).
RAPDs-DNA isolates were quantified using a Hoefer TKO-100 fluorometer and diluted to 10 ng/L. Amplifications were performed in a MJ Research thermocycler using 10 ng of template DNA and following Williams et al. (1990) . Four DNA samples (one per species) were initially run with 80 different 10-mer primers (kits A, B, C, and D; Operon Technologies, Alameda, California), and 24 of these primers were selected for analysis of all populations. Only robust, well-separated amplification products were scored, and each of them was tested several times for repeatability. For six markers (5, 7, 16, 25, 30 , and 32; cf. Table 2 ), the homology of comigrating amplification products was confirmed by cutting the bands from low melting-point agarose gels, purifying using GELase (Epicentre Technologies, Madison, Wisconsin), and digesting with restriction endonucleases to reveal shared restriction sites. Polymorphic markers were scored as present or absent and analyzed using NTSYS-pc (Rohlf, 1990) as follows: (1) UPGMA analysis based on Dice's similarity between populations, given by 2a/(2aϩb), where a is number of positive matches (i.e., shared bands) and b is number of mismatches; negative matches (i.e., absence of a band in both populations) were excluded because of the high possibility of nonhomologous absence of RAPD products in interspecific comparisons (see Skroch, Tivang, and Nienhus, 1992 for discussion); (2) correspondence analysis (CA), which is based on chi-square distances between populations and gives most weight to bands present in low frequencies; and (3) nonmetric multidimensional scaling (MDS) based on Dice's similarity. Minimum spanning trees (MSTs) were superimposed on the CA and MDS plots to reveal distortions (cf. Rohlf, 1990) .
DNA sequencing and sequence analyses-For both matK and ITS, double-stranded DNA was amplified from total DNA via PCR using Replitherm DNA polymerase (Epicentre Technologies, Madison, Wisconsin), and single-stranded DNA was subsequently synthesized using the double-stranded PCR product as template and the two PCR primers individually in separate PCR reactions. Single-stranded DNA was precipitated with 20% PEG/2.5 mol/L NaCl, washed first with 70% and then with 95% ethanol, and resuspended in 1X TE buffer. Direct sequencing of these purified, single-stranded PCR products was performed using the dideoxy method with Sequenase version 2.0 (U.S. Biochemical Corp., Cleveland, Ohio) and 35 S dATP. Labeled fragments were separated in 6% acrylamide gels with 1X TBE buffer at 70 W (constant power).
The matK region, which is located within the intron of the gene trnK and evolves at least three times faster than rbcL, was amplified using primers trnK-3914F and trnK-2R (Johnson and Soltis, 1994, 1995) . The single-stranded DNA amplified using trnK-3914F (the forward strand) was sequenced using matK-1168R and matK-1470R; the strand amplified using trnK-2R (the reverse strand) was sequenced using matK-1412F (see Johnson and Soltis, 1994 for details) . This approach yielded 963 bp of the 1500-bp matK region. The entire ITS region including the 5.8S subunit was amplified using primers ITS-1 and ITS-4. The ITS 1 region was sequenced using primers ITS-1 and ITS-2; the ITS 2 region was sequenced using primer ITS-3 (Baldwin, 1992) .
In the matK analysis, one population of Saxifraga cernua from Alaska (Soltis et al., 1993) was included in addition to the Svalbard populations. Saxifraga oppositifolia L. (section Porphyrion) was selected as an outgroup because broad analyses of matK sequences for Saxifragaceae indicate that sections Porphyrion and Mesogyne are closely allied (Soltis et al., 1996) . The monophyly of the species group analyzed herein was also confirmed by these broad analyses of matK sequences (Soltis et al., 1996) . Sequences were aligned manually. The nuclear ITS sequences were not subjected to cladistic analysis because inclusion of taxa of hybrid origin may distort such analyses. The relationships among species were therefore evaluated based on ITS sequence divergence values. The matK sequences, which were derived from haploid, and thus nonhybrid, chloroplast genomes, were analyzed cladistically using PAUP 3.1.1 (Swofford, 1993) with characters specified as unordered and equally weighted. Parsimony analysis was conducted using the exhaustive branch-and-bound search strategy. Bootstrap analysis (Felsenstein, 1985) using 100 replicates (branch-and-bound search) was performed to obtain estimates of reliability for monophyletic groups.
RESULTS
RAPD analysis-A total of 42 reliable amplification products was scored for the 24 primers that were run for all populations. Thirty-eight of these products were polymorphic ( Table 2 ). The four populations analyzed of S. svalbardensis showed identical RAPD patterns. The two populations analyzed of S. hyperborea differed by two markers, and the two populations analyzed of S. rivularis differed by three markers. In contrast, there was large RAPD variation among the seven populations analyzed of S. cernua. In this species, 19 of the 42 markers varied among populations. Thus, the level of intraspecific RAPD polymorphism ranged from 0 to 45% among the four species analyzed (Table 2) .
No RAPD markers were observed exclusively within S. svalbardensis or within S. rivularis. Four markers were observed only within S. hyperborea, and these markers were observed in both populations of this species. Eight markers were observed only within S. cernua, and six of these markers were observed in all populations of this species. Six of the RAPD markers that were shared between S. svalbardensis and S. cernua were not detected in any other species. Two of the markers that were shared between S. svalbardensis and S. rivularis were not detected in any other species. In contrast, no markers were exclusively shared between S. svalbardensis and S. hyperborea ( Table 2) .
The result of the MDS analysis of the RAPD data (not shown; stress 0.024) was very similar to that of the CA analysis (Fig. 2) , which extracted most of the variance in the data matrix (89.0% by the first three axes). In these analyses, S. svalbardensis appeared intermediate between S. cernua and S. rivularis but closest to the latter species, whereas S. hyperborea was distinctly different. Notably, the minimum spanning tree connected the four populations of S. svalbardensis to one population of S. rivularis (no. 26) as well as to one population of S. cernua (no. 31).
The UPGMA analysis produced results similar to those of the CA and MDS analyses ( Fig. 3 ; cophenetic correlation coefficient 0.87). In the UPGMA analysis, the populations of S. svalbardensis clustered with those of S. rivularis at the 0.83 level and with those of S. cernua at the 0.54 level, whereas the populations of S. hyperborea clustered with the remaining taxa at the 0.32 level. Notably, the UPGMA analysis indicated that the RAPD differentiation within S. cernua was larger than the differentiation between S. svalbardensis and S. rivularis: population no. 12 of S. cernua was, for example, very distinct and clustered with the other populations of S. cernua at the 0.70 level. The two deviating, small-flowered pop- ulations of S. cernua were not differentiated from the large-flowered ones in RAPD patterns (Fig. 3) . matK sequences-Forty-seven (4.9%) of the 963 matK base positions in the six populations sequenced (five taxa, including the outgroup S. oppositifolia) were variable. When the outgroup was excluded, only nine (0.9%) base positions were variable. Four of these nine characters were autapomorphic, and the remaining five (0.5%) characters (ten character states) were potentially informative. The exhaustive search option in PAUP provided a single most parsimonious tree of 47 steps without homoplasy (Fig. 4) .
In the matK analysis, S. hyperborea and S. rivularis were sister species differing by a single base substitution. The hyperborea-rivularis clade was supported by one synapomorphic mutation and had a bootstrap value of 76%. These two species in turn formed a well-supported monophyletic group with S. svalbardensis (bootstrap value 95%; supported by three synapomorphic mutations; Fig. 4) . Saxifraga svalbardensis had no autapomorphic mutations. The two populations sequenced of S. cernua were sisters differing by three autapomorphic mutations, and this clade was supported by one synapomorphic mutation and had a bootstrap value of 61%. The cernua clade was sister to the hyperborea-rivularis-svalbardensis clade (Fig. 4) .
ITS sequences-ITS sequences were obtained for three populations of S. svalbardensis, four populations of S. cernua, and one population each of S. rivularis and S. hyperborea. A total of 538 base positions was obtained, of which 34 (6.3%) were variable. The ITS data did not resolve the relationship between S. svalbardensis and the other species. The ITS sequence divergence values, which were evaluated directly rather than carrying out a cladistic analysis involving these polyploids, are shown in Table 3 .
Two of the populations of S. svalbardensis had identical ITS sequences, and the third population of this species differed from the other two only by a single base substitution. In contrast to S. svalbardensis, the four populations sequenced of S. cernua showed high levels of ITS divergence, with the two most divergent populations differing by 21 base substitutions (Table 3) . This is greater than the amount of ITS divergence between any other populations in the ingroup, for which a maximum of 20 divergent sites was observed (Table 3) . Saxifraga rivularis and S. hyperborea differed from each other by five substitutions, and these two species differed from the populations of S. cernua by 6-20 substitutions.
The ITS divergence between S. svalbardensis and S. cernua ranged from five to 20 substitutions. The divergence between S. svalbardensis and S. hyperborea ranged from six to seven substitutions, and the divergence between S. svalbardensis and S. rivularis ranged from nine to ten substitutions (Table 3) .
DISCUSSION
Polyploid origins and relationships among species: molecular evidence-Origin of S. svalbardensis from S. cernua alone, without any contribution from another species (the cernua hypothesis), can be disregarded with reasonable certainty based on the matK data as well as the RAPD data. In the analysis of the matK sequences, S. svalbardensis was included in a well-supported clade with S. rivularis and S. hyperborea, suggesting that the chloroplast of S. svalbardensis was donated by one of these two species rather than S. cernua (Fig. 4) . The cernua hypothesis is also very unlikely based on the RAPD data. In the RAPD analyses, S. svalbardensis was closer to S. rivularis than to S. cernua (Figs. 2, 3) .
The hyperborea hybrid hypothesis, involving hybridization between S. cernua and S. hyperborea, is also unlikely based on the RAPD data. Although S. rivularis and S. hyperborea are almost equally probable as one of the progenitors (the maternal parent) of S. svalbardensis based on matK sequences (Fig. 4) , S. hyperborea is more divergent from S. svalbardensis than is S. rivularis in overall RAPD pattern (Figs. 2, 3) . Furthermore, four of the RAPD markers were only observed in S. hyperborea, and no markers were exclusively shared between S. hyperborea and S. svalbardensis.
In contrast, the RAPD data support the rivularis hybrid hypothesis, origin of S. svalbardensis by hybridization between S. cernua and S. rivularis. This hypothesis is supported by (1) the presence of two RAPD markers exclusively shared between S. rivularis and S. svalbardensis, (2) that all RAPD markers observed in S. rivularis also were observed in S. svalbardensis, (3) the presence of five RAPD markers exclusively shared between S. svalbardensis and S. cernua, and (4) the intermediate position of S. svalbardensis between S. cernua and S. rivularis in the analyses of overall RAPD pattern (Figs. 2,  3) .
That S. svalbardensis appeared closer to S. rivularis than to S. cernua in the analyses of the RAPD data (Figs.  2, 3) is mainly caused by the presence of six apparently species-specific and constant (i.e., occurring in all populations analyzed) RAPD markers in S. cernua (Table 2) . The absence of these RAPD markers, which usually are dominantly inherited (cf. Williams et al., 1990) , in S. svalbardensis can most easily be explained by the large variation in other RAPD markers observed among different populations of S. cernua. It is possible that the particular population of S. cernua that contributed genomes to S. svalbardensis lacked these six RAPD markers, and that the sample size used in this study was insufficient to detect this particular variation within S. cernua.
The ITS data do not provide strong independent evidence for or against any of the hypotheses on the origin of S. svalbardensis. It is noteworthy that we neither found distinct additivity of two parental ITS types in S. svalbardensis, nor that the ITS of S. svalbardensis had been homogenized via concerted evolution in the direction of either S. cernua or S. rivularis, the most probable progenitors of S. svalbardensis as inferred from the RAPD and matK data. The absence of clear ITS additivity in the material analyzed may be caused by undetected variation in S. cernua, which showed large variation in ITS (cf. Table 3 ). In addition, it appears that homogenizing of ITS sequences via concerted evolution requires many sexual generations for completion (cf. Wendel, Schnabel, and Seelanan, 1995; Brochmann, Nilsson, and Gabrielsen, 1996) , and it is possible that S. svalbardensis may have existed as a single or a few clones since its origin.
In conclusion, when analyzed in concert, the data suggest that the endemic polyploid Saxifraga svalbardensis originated as a hybrid between S. cernua and S. rivularis. Based on the matK sequences, S. rivularis was the likely chloroplast donor (i.e., maternal parent); chloroplasts have been shown to be maternally inherited in two other genera of the Saxifragaceae (Soltis, Soltis, and Ness, 1990) . Because the RAPD data indicate that S. svalbardensis has been derived from S. rivularis and S. cernua, it is likely that S. cernua is the paternal parent of S. svalbardensis. This hypothesis is also supported by the observation that many plants of S. cernua are femalesterile with rudimentary styles (Molau, 1992) . Thus, S. cernua would be the likely pollen donor.
The virtual absence of molecular genetic variation in S. svalbardensis in spite of the considerable variation in one of its progenitors (S. cernua) suggests that S. svalbardensis may have originated only once. Hence, S. svalbardensis may be one of the few examples of a polyploid examined with molecular markers that appears to have originated a single time (cf. review in Soltis and Soltis, 1993) . Its low level of variation also suggests that S. svalbardensis is a neopolyploid of very recent, most likely postglacial, origin.
The high levels of ITS and RAPD divergence among the seven populations analyzed of S. cernua suggest that this polyploid, in contrast to S. svalbardensis, may have formed recurrently. This conclusion is not unexpected because S. cernua also shows very high levels of chromosomal and morphological variation. It cannot be entirely excluded, however, that the variation within S. cernua has been caused by differentiation since its origin rather than multiple origins. Saxifraga cernua may thus add to the already numerous examples of recurrently originated, polyploid plant species (reviewed in Soltis and Soltis, 1993) . Multiple origins of arctic polyploids have previously been demonstrated for several species of Draba, and this feature of polyploid evolution is probably of particular importance in arctic-alpine floras because of their high percentage of polyploidy (Brochmann, P. S. Soltis, and D. E. Soltis, 1992a, b; Brochmann, D. E. Soltis, and P. S. Soltis, 1992) .
The molecular data also provide strong evidence for the hypothesis that S. hyperborea is one of the diploid progenitors of the tetraploid S. rivularis. These two species are very similar in both matK and ITS sequences, in agreement with the high degree of morphological and ecological similarity between them. Thus, the virtually identical matK sequences of S. hyperborea, S. rivularis, and S. svalbardensis (cf. Fig. 4 ) suggest that the diploid S. hyperborea was the maternal parent of the tetraploid S. rivularis, which in turn was the maternal parent of the pentaploid S. svalbardensis.
The origin of S. svalbardensis: other lines of evidence-Under the rivularis hybrid hypothesis, the chromosome number reported in S. svalbardensis (2n ഠ 64; Borgen and Elven, 1983) may be explained by fertilization of a normal, reduced egg in the tetraploid S. rivularis (n ϭ 2x ϭ 26; x ϭ 13) by a normal, reduced pollen grain from hexaploid S. cernua or an unreduced pollen grain from triploid S. cernua (3x ϭ 36; x ϭ 12), i.e., the exact chromosome number of S. svalbardensis may be 2n ϭ 5x ϭ 62 based on a combination of x ϭ 12 and x ϭ 13. Alternatively, an unbalanced pollen grain from an aneuploid race of S. cernua may have been involved. Although chromosome counts have not been obtained for S. cernua in Svalbard, this species probably shows a wide range of chromosomal variation also in this area because the pollen stainability shows large variation both among and within geographically delimited ''populations,'' each of which probably has a multiclonal structure (C. Brochmann, unpublished data). In contrast, S. svalbardensis always has lower levels of pollen stainability, shows very low levels of molecular genetic variation, and is morphologically uniform throughout its distribution area in Svalbard (C. Brochmann, personal observation). These characteristics suggest that the single chromosome count of S. svalbardensis (Borgen and Elven, 1983 ) is representative and that the species invariably is approximately pentaploid.
It appears that the only morphological character used to support the hyperborea hybrid hypothesis (e.g., by Elvebakk, 1979; Elven and Elvebakk, 1996) is the anthocyanic-colored petals shared by S. svalbardensis and S. hyperborea; S. cernua and most populations of S. rivularis have white petals (cf. Øvstedal, 1975; Andersen and Øvstedal, 1983) . The bulbils of S. cernua are, however, also anthocyanic-colored, and detailed analysis has revealed that all of the four species of section Mesogyne in Svalbard contain the same five anthocyanin compounds although in different quantities and proportions (Andersen and Øvstedal, 1988) . Thus, petal color probably cannot be used to discriminate between the hypotheses for the origin of S. svalbardensis.
The rivularis hybrid hypothesis, on the other hand, is supported by two obviously independent morphological characters: the presence of subterranean runners and semi-inferior ovary in S. svalbardensis. The presence of runners in S. svalbardensis can be explained as a contribution from S. rivularis, which also has runners, whereas runners are absent from both S. hyperborea and S. cernua. The ovary is immersed to about one-third in S. sval-[Vol. 85 AMERICAN JOURNAL OF BOTANY bardensis, less immersed in S. hyperborea, more immersed in S. rivularis, and only slightly immersed in S. cernua (Øvstedal 1975 The relationship between S. svalbardensis and S. opdalensis and their taxonomic status-It is intriguing that the results of this study suggest that S. svalbardensis has originated from the same progenitors as previously hypothesized (Flugsrud, 1985) for the southern Norwegian, narrow endemic S. opdalensis, which is morphologically (e.g., Elven, 1994) and cytologically (2n ϭ 48-50; Engelskjøn, 1979) quite different from S. svalbardensis. Notably, the diploid S. hyperborea does not occur in the Scandinavian mainland. Morphometric variation and pollen stainability in a number of populations of S. opdalensis, S. cernua, and S. rivularis from southern Norway suggested that S. opdalensis originated from S. cernua ϫ rivularis, although the possibility that S. opdalensis differentiated directly from S. cernua could not definitely be disregarded (Flugsrud, 1985 ; see also Holaker, Nordhagen, and Berg, 1960) . All of the populations that clearly could be referred to S. opdalensis were morphologically uniform and similar to each other, suggesting a single origin of these populations, whereas one deviating population resembled S. cernua more closely and may have another origin (Flugsrud, 1985) . It is also possible that some northern Scandinavian populations that morphologically resemble S. opdalensis and/or S. svalbardensis (see Holaker, Nordhagen, and Berg, 1960; Nilsson, 1986; Rune, 1988; Elven, 1994) have similar, but independent origins, but these populations have not yet been investigated in detail.
That the same parental species probably have given rise to two morphologically and chromosomally distinguishable taxa by hybridization in different geographic areas may seem surprising but is nevertheless easily explained. Both S. cernua and S. rivularis are widespread, polyploid species, and there are, as noted, considerable morphological, chromosomal, and molecular genetic variations within S. cernua. It is likely that two very divergent races of S. cernua have been involved in the formation of S. svalbardensis and S. opdalensis, respectively. Further supporting this possibility is the fact that hybridization between polyploids sometimes produces unpredictable and varying hybrid morphologies because of complicated phenotypic effects of their duplicated genes, as demonstrated, for example, in artificial F 1 and F 2 hybrids between polyploids in Draba (Brochmann, Borgen, and Stedje, 1993 ). An interesting case parallel to that of S. svalbardensis and S. opdalensis has been suggested in Helianthus (Rieseberg, 1991) , in which three species (H. paradoxus, H. anomalus, and H. deserticola) probably have originated by hybridization between the same two parental taxa (H. annuus and H. petiolaris ssp. fallax).
Implications for interpreting biodiversity in the Arctic-The genetic data reported herein for arctic Saxifraga species as well as those previously reported for arctic species of Draba (Brochmann and Elven, 1992 ; Brochmann, P. S. Soltis, and D. E. Soltis, 1992a, b; Brochmann, D. E. Soltis, and P. S. Soltis, 1992 ) have important consequences for interpreting biodiversity in the Arctic. Traditional conservation biology pays much attention to narrow endemic species such as the polyploids Saxifraga svalbardensis and Draba cacuminum. However, these endemics only contain a fraction of the genetic and ecological variation represented by their recurrently formed, polyploid progenitor species S. cernua and D. norvegica, respectively, which are both widespread in the Arctic (this study and Brochmann and Elven, 1992; Brochmann, P. S. Soltis, and D. E. Soltis, 1992a) . A few individuals of S. svalbardensis, for example, sufficiently represent the genetic and ecological variation present in this species, whereas numerous populations of S. cernua are needed to represent the variation in this polymorphic species.
The traditional focus on endemism in conservation biology is particularly understandable in the case of arctic floras; these floras are probably relatively young and thus exhibit low levels of endemism. This focus is paradoxical, however, because arctic floras are characterized by highly reticulate neopolyploid evolution resulting in widely circumscribed, variable taxonomic species. The considerable width of the species concept necessarily used in the Arctic therefore leads to considerable underestimates of arctic biodiversity when endemism and mere species numbers are used as criteria.
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